The results of a survey of 200 patients with chronic obstructive pulmonary disease (COPD) revealed that the electrocardiographic criteria used in the past are relatively poor delineators of cor pulmonale in COPD, either in its early or late stages. The study offers a dynamic concept designed to aid in discovering right ventricular (RV) complications in COPD-the coupling of arterial blood gas analysis and four electrocardiographic fluctuations which signal RV abnormality. Where arterial 02 saturation fell below 85% and pulmonary artery mean pressure (PAm) was 25 mm Hg or greater, one or more of these four fluctuations were seen in patients with cor pulmonale: (1) a rightward shift of the mean QRS axis of 30°or more; (2) T-wave abnormalities in right V leads; (3) ST depressions in leads II, III, and aVF; and (4) transitory right bundle-branch block. With recovery of better arterial saturation and decrease in PAm they subsided. Thus, a clinical appraisal of patients with COPD should include serial analyses of arterial blood gas plus serial electrocardiograms if early (and hence reversible) RV abnormality and cor pulmonale are to be uncovered.
SUMMARY
The results of a survey of 200 patients with chronic obstructive pulmonary disease (COPD) revealed that the electrocardiographic criteria used in the past are relatively poor delineators of cor pulmonale in COPD, either in its early or late stages. The study offers a dynamic concept designed to aid in discovering right ventricular (RV) complications in COPD-the coupling of arterial blood gas analysis and four electrocardiographic fluctuations which signal RV abnormality. Where arterial 02 saturation fell below 85% and pulmonary artery mean pressure (PAm) was 25 mm Hg or greater, one or more of these four fluctuations were seen in patients with cor pulmonale: (1) a rightward shift of the mean QRS axis of 30°or more; (2) The P-wave axis (AP) (table 3) was abnormal in 183 of 200 subjects with COPD if one were to use a range of +300 to +600 as the average normal P axis.'7 Only 17 patients fell into this sector on the frontal plane, and the majority of the 200 subjects (172) had APs between +60°and +890. The absolute upper limit of normal for AP, however, is +900 although this orientation is seldom seen in normal persons, 96% of whom have an AP between +300 and +750. In this study 79 subjects (35%) showed an AP of +800 or greater and only four patients, all in group IV, those with left heart disease only, had an AP greater than +90°or true right axis deviation of P wave. Taking an AP greater than +800 as a definitely abnormal and rightward orientation (RASp), the distribution of this P abnormality (AP> +80°) was not significantly different from one cardiac group to another, being 42%, 50%, 36%, and 36% in groups I to IV, respectively. Thus, as was expected, abnormally directed P-wave vectors are not unusual in COPD but are not closely related to right ventricular enlargement. Rather, right axis shift of the P wave (RASp) is best correlated with the COPD itself. Leftward deviation of AP (+29°. to -60°) was rare in these 200 subjects, appearing only in four, two subjects with cor pulmonale (group I) and two with COPD and left heart disease only (group IV). P-wave voltage greater than 2.5 mm was found in only 27 of the 200 patients. These were distributed as follows: 11 in group I, six Circulation, Volume XLII, November 1970 in group II, eight in group III, and two in group IV. Thus, 10 of the 27 had no right heart abnormality (indeed eight of the 10 Leftward displacement of the transitional QRS complex (R S) was present in 64 of the 200 patients (32%). This was marked in 25 (S > R up to and including lead V5 with the transitional complex in V6), eight of whom also had other evidences of RVH on ECG. There were 14 patients with marked leftward displacement in group I, two in II, three in III, and seven in IV. A lesser degree of leftward rotation (S > R only as far to the left as V`4) was noted in 39 subjects, 21 in group I, one in II, 10 in III, and seven in IV. Fortyeight of the 64 subjects (75%) with this abnormal R/S ratio had either COPD with cor pulmonale (group I) or COPD without heart disease (group III). This high percentage was not surprising in these groups, nor by contrast was its rarity (two of the 64) in subjects with enlargement of both ventricles (group II); hence, there was a balanced effect on rotation. In the 47 patients with only LV disease (group IV), however, a leftward location of the transitional zone was still found occasionally (14 of 47 or about one third of the time). If one takes both groups I and III together (137 patients), this rotational shift was found in 48 (35%) and was commoner (43%) in those with cor pulmonale (group I) than in those (23%) with COPD and no heart disease (group III). Increased P voltage occurred in 11 of the 23, slightly less than half (46%), of the patients with cor pulmonale who had the ECG criteria for RVH.
Right bundle-branch block (RBBB) occurred in six of the 23 patients with ECG evidence of RVH, four in the complete form, one starting as incomplete (QRS duration of 0.10 sec with small rr' in lead V1) and later becoming complete, and one incomplete RBBB. As can be seen in table 5, however, these patients had other evidence for RVH than the intraventricular conduction defect or had been followed and 0.11 and a double peak of R wave in V,) or complete (QRS 0.12 sec or longer with double peak of R wave in V,).
The ECG fluctuations just described were seen only in groups I and II and never occurred in groups III and IV. In summary, it is evident that there were significant ECG fluctuations associated with the several bouts of hypoxia and acidosis during decreased pulmonary function and reversion of ECG to normal with improvement.
Group II
The 16 patients in group I1 had cor pulmonale and separate left heart disease. Nine had arteriosclerotic heart disease (ASHD); five had systemic hypertension with enlarged left ventricles, and one of these hypertensive persons also had ASHD. One subject had REID with mitral insufficiency, and the sixteenth subject had undiagnosed left heart disease with biventricular enlargement, lilateral (systemic and pulmonary) pulsus alternans on cardiac catheterization, and pulmonary emboli (the latter were confirmed at autopsy). All 16 emphysema (type A or A > B), as was true of subjects in group I. As in group I the majority of them had abnormally low levels of arterial 02 saturation (table 6) , 73% having values below 90% saturation and 54% of them below 85% saturation. There were ECG fluctuations during periods of arterial blood oxygen unsaturation in all 16 patients in this group. As in group I the most frequent alterations were RASQ > 30°( in 13 of 16). Of the nine subjects with cor pulmonale and ASHD, six showed the RAS( > 30' and three others showed RVTA alone (without axis shift). Only one of the nine had both T-wave alterations in the right V leads plus axis shift. RBBB was found in three of these nine patients, but in view of the presence of ASHD this form of intraventricuCirculation, Volume XLII, November 1970 lar conduction defect could only be related to changes in right heart dynamics in the one with a transient or intermittent RBBB. In the five patients with HCVD and cor pulmonale there was, in addition to RASQ > 30', RVTA during periods of 02 unsaturation, and both of these occurred in all five; in addition, two subjects also showed transitory ST depression in Group III These 56 patients had COPD and no heart disease. There were no ECG fluctuations suggestive of changes in right heart dynamics in this group. In the 51 patients whose ABG were measured, almost all (48 or 94%) had arterial 02 saturations above 90% at rest and only 12 had a fall below 90% on exercise. As far as the COPD is concerned, there was a predominance of type A or A > B (23) In summary, the four ECG fluctuations signaling RV abnormality can be closely correlated with bouts of hypoxia, acidosis, and pulmonary hypertension in the 97 subjects with cor pulmonale (groups I and II) and were never seen when patients had COPD without RV involvement (groups III and IV). The presence of LV disease in addition to RV disease did not vitiate the appearance of these fluctuations (group II) when abnormal ABG and pulmonary hypertension occurred. RASQ > 300 and RVTA were by far the most frequently seen-two thirds of the time (66%) -in these bouts of pulmonary insufficiency and, most importantly, are the earliest ECG signs of RV abnormality. Although RASQ > 30' could conceivably be mimicked by cardiac rotation due to causes other than sudden dilatation of the RV, RVTA are less likely to be seen except in this eventuality in patients with COPD. Anteroseptal myocardial infarction would, of course, have to be excluded.
Discussion
It is evident that the ECG criteria used in the past are poor delineators in the diagnosis of cor pulmonale due to COPD. Indeed, 30% of autopsied patients with cor pulmonale and proven RVH gave no ECG evidence of it,22 and only 28% of our 81 subjects with cor pulmonale had RVH by ECG. Furthermore, RVH on ECG is a late manifestation of cor pulmonale, and earlier signs would be most important to secure, as has been done in this investigation. To put it somewhat differently, early cor pulmonale is probably not accompanied by anatomic RVH, but rather by RV dilatation or other abnormality. Clinically, we are also in a difficult position when trying to diagnose cor pulmonale from cardiac size by x-rays, since cardiomegaly in COPD may be missed unless the original pre-failure heart shape and size are recorded. Extreme verticality and teardrop shape are often seen, and the hearts appear almost undersized in the absence of RV failure, making enlargement a difficult decision if based on one set of films only.
From the serial data obtained in the second part of this study, however, a methodology appears now to be available to aid in the discovery of the cardiac complications of COPD, even in the early stages. The presence of RV abnormality or dilatation is determined by coupling the data obtained from arterial blood gases (which allow calculation of pulmonary artery mean pressures) with a search for one or more of the four ECG fluctuations listed above. The implications behind early diagnosis of cor pulmonale (RVE or RV abnormality) are of course a redoubling of effort to improve ABG by pulmonary therapy before the onset of the congestive signs of RV failure. If in addition to hypoxia and acidosis there is a PAm of 25 mm Hg or more, and either a RASQ > 300 or RVTA appears, it is very likely that early RV abnormality exists or has been present very recently. Cor pulmonale is then diagnosed. If ABG levels are not available, the finding of one or two of the four ECG fluctuations is strongly suggestive of early cor pulmonale. From the present data one cannot state whether there is elevation of the RV end-diastolic pressure in association with any of the four ECG fluctuations, It is probable, however, that if ST depressions or RBBB are not seen, the RV abnormality is less marked and that the ECG abnormality will often subside, indicating recovery of the RV. When the ECG abnormalities become fixed and unchanging, advanced cor pulmonale is likely: RVH rather than RV dilation (or other RV abnormalities of an as yet undisclosed type) will characterize the right heart.
It is clear that RVH is a late ECG finding in cor pulmonale, and one could assume that increased muscle mass of the RV plays at least some role at this stage. What then can one envision for the state of the RV in earlier phases of right heart involvement in COPD?
Right ventricular enlargement could, of course, imply solely a dilatation, and this must often be so since cardiomegaly is reversible in many cases. Does RV abnormality as signaled by the ECG fluctuations of RASQ > 30°and RVTA in early cor pulmonale always imply anatomic enlargement or can the chamber size remain normal and subtler alterations, metabolic or ischemic, account for these deviations from normal? There is yet no answer to these questions.
Although ECG evidence of RVH is a late manifestation of cor pulmonale, it is still not easy to assess. The ECG criteria for RVH in congenital heart disease have yielded disappointing results when applied to patients with acquired disease. The requirements proposed by Sokolow and Lyon3 in 60 cases with emphysema depend primarily upon increased voltage of the R wave in RV leads, the ratio of R to S in V leads, and RAD greater than +110°. Goodwin and Abdin4 evaluated these requirements in 117 autopsied cases, 16 of which had cor pulmonale, and suggested modifications and a grading system that established minor hypertrophy if R in V4R or S in V5 was dominant and major hypertrophy if these two were present in combination with right precordial T-wave inversion. Millard23 applied these modified criteria to 46 emphysematous patients and correctly diagnosed 15 of 20 with RVH. Caird and Wileken,20 using the same modified criteria, correctly designated RVH in 16 of 28 subjects. The present study, which adds P-wave abnormality, RAD, abnormal R/S ratios, and abnormal ST and T waves to R-wave voltage criteria, still revealed RVH in only 28% of subjects with cor pulmonale.
Several authors have described ce;rtain ECG features said to be characteristic of pulmonary emphysema.Y1 [21] [22] [23] The electromotive forces are generally agreed to be directed posteriorly and superiorly, unless RVH intervenes, in which case there is displacement toward the right, anteriorly, and inferiorly which is usually expressed as RAD.22 24 26 Less severe or minor recurrences of pulmonary insufficiency are revealed as stressing the right heart by such minimal findings as low or biphasic T waves in V, to V3 and axis shifts to the right of somewhat less than 30°, but if these recurrences are frequent, these findings may persist and eventually become fixed and act, therefore, as a new base line to which the ECG returns after another, single but more severe episode. Less 
